Gry S. Janniche, Christophe Mouvet, Hans-Jørgen Albrechtsen. Vertical small scale variations of sorption and mineralization of three herbicides in subsurface limestone and sandy aquifer. Journal of Contaminant Hydrology, Elsevier, 2011, 123 (3-4) showed a clear shift in mineralization, number of degraders and sorption: In the two brown, 36 uppermost samples, up to 31% mecoprop and up to 9% isoproturon was mineralized during 37 231 days, the numbers of mecoprop and isoproturon degraders were 1 300 to >16 000 /g, and 38
attenuation. 48
Keywords: Isoproturon; mecoprop (MCPP); acetochlor; degradation; pesticide; fate. has become one of the major environmental challenges for using groundwater as drinking 56
water, and to predict the fate of pollutants in groundwater the entire catchment has to be 57 considered (Turner et al., 2006) . 58
Knowledge on sorption and degradation is essential for evaluating risks of pesticides 59 contamination of groundwater since these two processes are the major drivers in natural 60 attenuation. Degradation of pesticides is often considered to decrease with depth (Fomsgaard, 61 1995) but degradation can be faster in sub-soil than in top-soil ). Sorption 62 may also decrease with depth because of decreasing organic matter content which on the 63 other hand may increase the bioavailability (Bending and Rodriguez-Cruz, 2007) . Spatial 64 variability in herbicide degradation and sorption has mainly been studied in topsoil or the 65 upper meter of agricultural fields (e.g. Bending and even at the millimeter scale (Gonod et al., 2003) . 68
Although several studies have focused on pesticide fate in subsurface materials and 69 aquifers only few have studied the vertical variability in these environments (Albrechtsen et limestone of atrazine mineralization was investigated in seven samples collected from 4.6-74 lutetian heterogeneous limestone, and the sandy aquifer is unconfined and aerobic with the 100 groundwater table between 13.3 and 41.9 m below surface (mbs) (Morvan et al., 2006) . Five 101 sections were collected from two cores (Pz14 and Pz17c); four from the unsaturated 102 limestone (sections A to D) and one from the saturated sand (section E). The sections were 103 sampled from 4.50 to 26.40 mbs ( Table 2 ). The sections were further divided vertically in 4 104 to 25 cm long subsamples. The four limestone sections were selected based on a visual 105 inspection: three with rather consistent color and texture over depth, and one section with a 106 distinct shift in color that divided the section in a brownish upper part and a grayish lower 107 part. The sand section had a color gradient over the section length; ranging from brown in 108 the upper samples to dark grey especially in the two bottom samples. 109
Water content of the sediment samples was measured as weight loss after 24 h at 105 110 °C. Sediment pH w was measured by electrode in 10 g sediment mixed with 10 mL deionized 111 (Bigham et al., 1996) . Total inorganic carbon (TIC) was calculated as the difference between 112 total carbon content (TC) and Total organic (TOC). TOC and TC were measured based on the 113 method by Heron et al. (1997) by a total elemental carbon analyzer (LECO CS-225) in 114 triplicates (0.2000 g) where carbonates were removed by adding 2 mL 6 % sulphurous acid 115 (H 2 SO 3 ) six times to ensure that no bubble formation as released CO 2 could be observed. 116
Grain size (only for unconsolidated samples) was characterized by sieving (sieves of 0.063-117 2.0 mm) and, for the particles below 63 μm, by particle distribution (Sedigraph 5100, 118
Micromeritics Gemini). The specific surface area was measured by Multipoint N 2 -BET 119 analysis (Micromeritics, Gemini III 2375 surface area analyzer), after being outgassed 120 (Micromeritics, FlowPrep 060 Degasser) for 4h at 70 °C. 121
Herbicides 122
Isoproturon and acetochlor are hydrophobic, non-polar organic herbicides whereas 123 mecoprop is a hydrophilic phenoxy acid with a pK a value of 3.78 and at near-neutral pH it is 124 therefore negatively charged (Table 1) . The three herbicides have all been used in the field 125 site to a wide extent. The experiments were carried out with [Ring- 14 C]-pesticides (Table 1) . 126
In the MPN also unlabelled acetochlor with 99.4 % purity was used. 127 Table 1 Advantec/MFS 13HP) subsamples were acidified to strip off (from the water phase) 14 CO 2 177 that then was captured by NaOH in a"double-vial" system as described earlier. The limestone sections from Pz14 (A and C) had in general higher contents of water, 215 TOC and TIC but a lower specific surface area than those from Pz17c (B and D). Besides 216 differences observed between sections, differences were also observed at cm scale within a 217 given section. Thus, limestone section D had a clear visual color shift and a clear shift in 218 specific surface area with much higher specific surface area in the two uppermost samples 219 (D1 and D2) compared to the two bottom samples (D3 and D4). Also the TIC content shifted 220 with a lower TIC content in D1 and D2 compared to D3 and D4 expressing more pure 221 limestone in D3-D4 than in D1-D2. Besides, TOC was much lower in the first sample, D1, 222 than the other samples D2-D4 within this section. 223
Aquifer section (E) from Pz17c had high specific surface area but low TOC (Table 2) . 224
The color gradually changed across the whole section from brownish to grayish and TIC 225 slightly increased with depth; samples E1 and E2 had approximately half the TIC content of 226
E3-E7. 227
In summary, the five core sections represented two major geological settings and 228 different limestone settings; the limestone cores varied in textures, but the geology of the (Fig. 1) , and only noteworthy for isoproturon in the aquifer 237 samples E3, E4 and E5, where sorption at the high concentration surprisingly was clearly 238 higher (0.78-1.69 L/kg) than at the low concentration (0.52-0.87 L/kg). However, all 239 isoproturon K d values from section E followed the same trend of increased sorption over 240 depth (Fig. 1) . 241
Fig. 1 242
In limestone samples, sorption was in general low for all three herbicides and so was the 243 standard deviation reflecting high reproducibility (Fig. 1 A-D The sorption of isoproturon and acetochlor to limestone was highest in D1 and D2 255 with higher specific surface area, and lower TOC than in the other limestone samples (Table  256 2). This indicated that isoproturon and acetochlor sorption in heterogenic limestone to a 257 higher degree was controlled by mineralogy than by organic carbon content. Isoproturon 258 sorbs to kaolinite, but not to quartz, calcite, aluminia (Clausen et 
Mineralization potential 282
Mecoprop, isoproturon and acetochlor degraders were detected in many samples (Fig. 2 The number of degraders was in general high in section D, but also in sample C3 the number 296 of isoproturon degraders was extremely high (>16 000 /g). Some samples had high number of 297 degraders without subsequent high mineralization (e.g. D1 (acetochlor), C3 (isoproturon)). 298
In the sandy aquifer (E), mecoprop was also mineralized substantially; 10-22% was 299 recovered as 14 CO 2 with only 49-790 /g mecoprop degraders. The mineralization of both 300 isoproturon (1-5%) and acetochlor (3-6%) was markedly lower than for mecoprop, despite 301 higher numbers of isoproturon (27-2 200 /g) and acetochlor degraders (4-16 000 /g). and isoproturon: 3-520 /g). Already after 14 days of incubation the mineralization in D1 and 322 D2 was noticeable higher than in D3 and D4 (Fig. 3) . Furthermore, the 14 CO 2 evolution in D4 323 was as low as in the autoclaved incubations with sediment from D1-D4. Hence, a clear small 324 scale shift in sorption and mineralization potential within only 25 cm was evident in the 325 limestone. 326 Fig. 3  327 
Sandy aquifer section E

328
In the sandy aquifer samples sorption was low in the two uppermost samples, and 329 increased gradually with depth. Acetochlor sorption increased in average 78 % pr every 5 cmin the sandy aquifer section (E). Also the isoproturon sorption increased gradually with depth 331 (in average 61 % pr 5 cm) in the sandy aquifer (E) and hence the small scale variance in 332 acetochlor and isoproturon sorption within these 33 cm was substantial. Despite the 333 acetochlor mineralization in the sandy aquifer was rather constant, the number of acetochlor 334 degraders increased dramatically in the three bottom samples; from 4-9/g in E1-E4 to 120-16 335 000/g in E5-E7. Also the number of isoproturon degraders was higher in the bottom samples 336 (93-2 200/g in E4-E7) than in the top samples (27-71/g in E1-E3), and mineralization was 337 faster in E1-E4 (2-5 %) than in E5-E7 (<1 %). For mecoprop however, the middle part (E3-338 E5) had the highest number of degraders; 490-790/g compared to 49-93/g, and mineralization 339 was also substantially faster in E5 (22 %) compared to the rest of the aquifer (10-15 %). 340
Mineralization of acetochlor and isoproturon in the saturated sandy aquifer samples (Fig. 2)  341 could very well be negatively affected by the increased sorption with depth, leaving less 342 herbicide available for mineralization, and could explain the lack of faster mineralization, 343 despite very high number of degraders in some samples. This inverse relationship between 344 sorption strength and mineralization was reported for MCPA (Jensen et al., 2004 ). This could 345 explain why isoproturon was mineralized (1.7-4.7 %) in the uppermost samples (E2-E4) but 346 not in the bottom samples (<1 % in E5-E7). However, acetochlor which sorbed stronger did 347 not follow that trend. 348
Conclusively, sorption and mineralization potential varied substantially within just a 349 few cm in both limestone and sand. These small scale variations were found in sections with 350 shifts in color, but could not be strongly related to the investiaged geochemical parameters. 
377
Mineralization of herbicide will reduce the risk of groundwater contamination in 378 accordance with the observed mineralization patterns (Fig. 3) and the removal of herbicides 379 due to mineralization was calculated based on first order mineralization kinetics as: 380
where k is the first order mineralization constant. K d -values and k-values are mean values as 382 observed for D1 and D2 ( Fig. 1 and 2) . Unfortunately, density (ρ) and porosity (ε) were not 383 measured specifically for D1 and D2 due to lack of sample material but in 7 other samples 384 from the catchment; ρ ranged from 2.69 to 2.73 kg/L and ε from 0.08 to 0.37 (Janniche et al., 385 submitted). We have used the mean value of 0.18 for ε and 2.72 kg/L for ρ in this simple 386 conceptual model calculation which results in a ρ b of 2.2 kg/L. If a lower porosity (ε) and 387 hence a higher bulk density (ρ b ) was applied the retardation would have increased, and vice 388 versa. 389
Three scenarios were set up: 1) a reference scenario with no active layer, 2) an active 390 layer of 30 cm thickness, and 3) an active layer of 1 m thickness (Fig. 4) . In the reference 391 scenario the herbicides are transported at the same velocity as water (v w ), and with a water 392 velocity of 1 m/yr it will take 10 years before breakthrough of the herbicides through the 10 393 m long profile. Presence of a 30 cm thick layer (scenario 2) will only to a very limited degree 394 cause delay. It would take only 10.2 year for mecoprop to reach the groundwater (bottom of 395 profile), 10.7 year for isoproturon and 11.0 year for acetochlor (Fig. 4) (isoproturon) and 13.3 years (acetochlor) respectively, and the proportion of mineralized 403 herbicide would then become 59 % mecoprop, 31 % isoproturon and only 9 % acetochlor 404 (Fig. 4) . 405 Fig. 4  406 In conclusion, if only one active layer of 30 cm thickness is present pr 10 m the 407 retardation due to sorption will be negligible for all three herbicides and the removal will 408 negligible for acetochlor but not for isoproturon and mecoprop, whereas the effect of both 409 retardation and removal will be notable for all three herbicides if the layer is 3 times thicker. 410
Considering the thickness of unsaturated limestone in the investigated field site is up to 42 m 411 thick it is not unlikely that the summed extend of an active layer will be greater than the 412 The significance of these layers, or ecotones, with increased sorption and microbial 423 mineralization depends on the specific herbicide and the extent of these layers, and it is 424 therefore important to determine this. Such a detailed knowledge will improve the predictions 425 of herbicide fate in the catchment if the geology is well described and included in reactive 426 geochemical models. 427
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